ABSTRACT: When human operator is in the control loop of a robotic system, which operates in unstructured, complex and dynamic environments such as those in construction and steel bridge maintenance, human factors will have significant effect on the operational performance and control of the robot. This paper aims to investigate this effect and develop efficient methods for operational performance improvement. An eXtended Hand Movement (XHM) model for eye-guided hand movement is developed with the aim of providing natural and comfortable interaction between a human operator and a robot. A haptic force-speed-accuracy control method is then designed based on the XHM model and implemented in a steel bridge maintenance robotic system. An experiment is conducted to verify the model and control method. Experimental results demonstrated significant improvement in control accuracy and operational performance in a steel bridge maintenance robotic system. 
 INTRODUCTION
Industrial robots have been widely used to perform welldefined repetitive tasks in carefully constructed simple environments such as manufacturing factories. The future of industrial robots is to operate in complex, unstructured and unknown (or partially known) dynamic environments such as those in construction and steel bridge maintenance, to assist human workers in undertaking hazardous tasks.
Autonomous operation of industrial robots in such environments is ideal, but there are a lot of challenges that need to be addressed. Semi-autonomous or manual operation with human interaction is a practical solution because it utilises human intelligence and experience combined with the power and accuracy of an industrial robot. Therefore, haptic-based human-robot interaction provides an enabling methodology. However, there are still many challenging issues which need to be solved.
When human operator is in the control loop of a robotic system, human factors will have significant effect on the performance of haptic-based human interactive operation. This paper aims to investigate this effect and an efficient method for operational performance improvement. An eXtended Hand Movement (XHM) model for eye-guided hand movement is investigated in this paper with the aim of providing natural and comfortable interaction between a human operator and a robot, and improving the operational performance. The model is studied for increasing the speed of the robot manipulator while maintaining the control accuracy. This model is then applied into a steel bridge maintenance robotic system [1] [21] . Virtual Display Terminals (VDTs) -requirements of nonkeyboard input device [9] . However, the Fitts' law and Steering law cannot be directly used to measure performance of the human-robot interaction in operation of the haptic-based sandblasting robot arm. For sandblasting process, operational performance is measured based on speed and accuracy of blasting spot on surface target [15] .
Thus, the Fitts' law and Steering law need to be modified in order to integrate the speed and accuracy of the blasting spot into these laws.
In haptic-based operation, the haptic force generated by a haptic device resists the movement of an operator's hand.
The haptic force therefore affects the operator's hand movement, and consequently affects the pointing accuracy of the manipulator end-effector (sandblasting spot) on the task plane. The research presented in [2] [12] only provides a relationship between feedback force and pointing errors. Therefore, the relationship between the pointing accuracy, the haptic force, and speed of the end-effector of manipulator need to be considered in human hand movement model.
 EXTENDED HUMAN HAND MOVEMENT

MODEL
From Accot-Zhai's Steering law [7] [13] included the effect of control scale [12] 
For this modification, width of the path-track needs to be greater than the pointing accuracy (-Z ac  > 0).
Pointing Accuracy
When a haptic device with force feedback is used as a pointing device, the distribution of the cursor position, which is represented by a standard deviation (), is affected by the power generated by the haptic device, which is product of the haptic force ( 
Extended Hand Movement Model
From the hand movement model of the Steering law in equation 4, when start/stop time (a) does not directly depend on the hand movement of an operator, MT-a will be the time that the operator spends for moving the hand. Thus, the speed of hand movement (v a ) can be defined as:
The extended hand movement model (XHM) is defined by
From experimental results presented in [20] , the coefficient of movement (b) is obtained as 0.1958 sec, k pw is equal to 0.0077 m/W, and  0 is 0.00057 m. Fig. 3 shows the extended hand movement model with different accuracy requirements at  = 12.7mm and G x is set to 1. From Fig. 3 , if the required accuracy of movement is low (e.g., 25%), the movement speed can be high. At the same level of accuracy, if a big force is needed, the movement speed is reduced. On the other hand, if the required accuracy of movement is high (e.g., 99%), the hand movement needs to be slow in order to achieve the accuracy. When an operator has to apply a force (including a haptic force) to move an object (which is similar to applying a haptic force to move a cursor of a haptic device), the operator normally moves slowly in order to have high accurate movement. If the required force to move an object is small, the operator normally tries to move faster until the movement is found to be inaccurate, and the operator then reduces the speed of the movement.
Haptic Force-Speed Control Method
In order to improve the haptic-based operation, the extended hand movement (XHM) model has been integrated into a Haptic Force-Speed Control (HFSC) method. Fig. 4 shows two control diagrams: the control diagram of the haptic-based interaction system without the HFSC method (Fig. 4a) and the control diagram with the HFSC method (Fig. 4b) . when the path-track width of the desired task is getting wider, which enables the operator to control the robot more easily than in the narrow path-track width. When the HFSC method is used, the resistant force is increased by the XHM model. Consequently, the speed of the blasting spot is limited under the desired pointing accuracy. Therefore, the HFSC method helps operators to operate more accurately than a system that does not use the HFSC method. 
